SnO is the only oxide semiconductor to date that has exhibited ambipolar behavior in thin-film transistors (TFTs). In this work, ambipolar behavior was observed in SnOx TFTs fabricated at Scanning-electron-microscopy images revealed that microgrooves occurred after the films were annealed. Clusters subsequently segregated along the microgrooves, and our experiments suggested that they are most likely Sn clusters. Atomic-force-microscopy images indicated an abrupt increase in film roughness due to the cluster segregations. An important implication of this work is that excess Sn in the film, which has been generally thought to be detrimental to the film quality, may promote the ambipolar conduction when it is segregated from the film to enhance the stoichiometric balance.
SnO is the only oxide semiconductor to date that has exhibited ambipolar behavior in thin-film Scanning-electron-microscopy images revealed that microgrooves occurred after the films were annealed. Clusters subsequently segregated along the microgrooves, and our experiments suggested that they are most likely Sn clusters. Atomic-force-microscopy images indicated an abrupt increase in film roughness due to the cluster segregations. An important implication of this work is that excess Sn in the film, which has been generally thought to be detrimental to the film quality, may promote the ambipolar conduction when it is segregated from the film to enhance the stoichiometric balance.
Oxide semiconductors are highly attractive especially for the new generation flexible and wearable electronics due to their low cost, low deposition temperatures, high carrier mobilities (1~100 cm 2 /Vs), good transparency in the visible-light region, and ease of large-area manufacturing. [1] [2] [3] [4] To date, n-type oxides, such as ZnO and InGaZnO, are highly developed and even commercialized. On the contrary, the development of their p-type counterparts is far behind, and ambipolar oxides that can exhibit both n-and p-type conduction are even rarer. [5] [6] [7] [8] [9] To fabricate all-oxide-based complementary-metal-oxide-semiconductor (CMOS) -like circuits, it is essential to develop high-performance p-type or ambipolar oxide semiconductors.
In particular, ambipolar semiconductors can significantly simplify the fabrication process of a) Authors to whom correspondence should be addressed. Electronic mail: A.Song@manchester.ac.uk and xinq@sdu.edu.cn CMOS circuits and allow more compact CMOS architectures. 9 Hence, extraordinary efforts have been made to develop ambipolar semiconductors and related thin-film-transistors (TFTs).
Up to now, nanocrystalline silicon, organic semiconductors, and carbon nanotubes have been found capable of operating in ambipolar mode, due to either a small bandgap or low density of subgap states. [8] [9] [10] Recently, tin monoxide (SnO) has been found capable of operating in ambipolar mode, and this is the only oxide semiconductor capable of conducting both electrons and holes effectively in a TFT. 11, 12 Voltage gains of CMOS-like inverters based on such ambipolar SnO TFTs have been shown to be higher than 100. 6 Ambipolar behavior is generally difficult to achieve in most oxide TFTs because of their typically large fundamental bandgaps and a high density of subgap states. [13] [14] [15] SnO is regarded as the most promising p-type oxide among the limited number of p-type oxides discovered so far. 12 The ambipolar behavior of SnO has been thought to be due to its low electron effective mass (~0.4 m0), low hole effective mass (~0.6 m0), and small fundamental bandgap (~0.7 eV). 11, 16, 17 However, the density of subgap states in some p-type SnO TFTs extracted by temperature-dependent field-effect results can be higher than 10 The schematic diagram of our SnOx TFTs is shown in Fig. 1(a) . Heavily doped p-type silicon wafers were used as both substrates and gate electrodes. 300-nm-thick thermally grown SiO2 was employed as the gate dielectrics. SnOx active layers were deposited onto the SiO2 surfaces using reactive radio-frequency magnetron sputtering method with a deposition power Table I . The field-effect mobility, μ, was extracted from the linear region of the transfer curve by using
where W and L are the channel width and length, respectively; Cox is the capacitance per unit area of the dielectric; Vth is the threshold voltage; and VD is the drain voltage. As shown in Table I The SS of the TFT is given by
where k is the Boltzmann constant; T is the temperature; and q is the electron charge. expected to be shown in the XRD spectra because it is expected to be amorphous at the annealing temperatures in this work.
22,23 Figure 3 shows the surface morphologies of the 27-nm-thick SnOx thin films annealed at various temperatures. The as-deposited film was relatively homogeneous and smooth as shown in Fig. 3(a) . For the film annealed at 150 o C, feather-like and bright regions (marked by white circle in Fig. 3(b) ) were observed and some tiny microgrooves (black region) appeared simultaneously possibly due to formation of polycrystalline of SnO. As the annealing temperature went higher, such feather-like, bright regions and black microgrooves became more obvious (Fig. 3(c) ), and needle-like grains started to grow along the microgrooves when the film was annealed at temperatures above 162 o C. XRD patterns in Fig. 2 show the crystallization of SnO and metallic Sn in the annealed films. The dominated and continuous composition in films annealed at and above 175 o C should be SnO due to the observed ambipolar and p-type conduction of TFTs (Fig. 1(b) ). Fig. 1(b) . To study the nature of the clusters shown in Figs. 3 and 4 , we note that previous studies showed that Sn atoms tend to precipitate to the dislocations and grain boundaries and then form Sn quantum dots in the Sn-rich SiO2 films during annealing. 24 Lei et al. 25 also reported a voidmediated formation of Sn quantum dots in a Si matrix. In their studies, voids below Si surface were induced by the lattice mismatch strain and Sn atoms were found to diffuse into these voids.
FIG. 3. SEM images of (a) as-deposited
The phenomenon in our experiment may be quite similar to these experiments. In our case, the microgrooves appeared when grain boundaries of polycrystalline SnO was formed when the films were annealed at 175 o C as confirmed by XRD. 26 As such, the microgrooves could well be the grain boundaries of polycrystalline SnO. These microgrooves could act as defects that promote the crystal nucleation of metallic Sn, and the high diffusivity of Sn enabled the Sn crystals to grow along the sidewalls of the microgrooves in the annealed films. Furthermore, metallic Sn nucleated along the sidewalls of the microgrooves is expected to reduce the interfacial trap states at the grain boundaries of polycrystalline SnO. During annealing process at and above 162 o C (Figs. 3(d-f) ), the original dispersed and continuously spread excess Sn in the as-deposited film quite possibly gathered to form Sn clusters along the microgrooves as in Refs. 24 and 25. The diameters of the clusters are 30 ± 9 nm as estimated by SEM. Indeed, the XRD spectra reveal the formation of polycrystalline Sn at annealing temperatures at and above 175 o C. Also, the conductivity of the film dropped dramatically after the film was annealed in agreement with the formation of isolated (and hence not able to contribute to the film conductivity) Sn clusters. Obviously, the segregation of Sn clusters leads to a drastic reduction of Sni in the SnO film. According to the first-principle calculations of native defects in SnO, Sni is found to induce a huge amount of defect states in the bandgap of SnO. 27 As such, the reduction of Sni due to segregation of Sn at the sidewalls of the microgrooves makes it easier to shift the Fermi level. 6, 11 Because the bandgap of SnO is only 0. 
